Introduction
In tribological applications, these composites are subjected or interfaces of the contacting bodies. For the effective use of 14 such composite materials, they should exhibit good tribological 15 properties. Some of the practical examples for the use of the fibre 16 reinforced composites are vehicle brake-shoe and ice-skating 17 board applications in which they have to function with rubbing 18 on the surfaces of other materials and also abrasive particles 19 which may be entrapped between the interfaces of the materials. 20 Over the last three decades, the investigation on wear 21 and friction characteristics of many polymer composites were 22 reported, such as carbon fibre reinforced polymer composites 23 [4], mica-filled fibre-reinforced epoxy resin composites [5] and 24 unidirectional graphite-epoxy and carbon-PEEK composites 25 [6] . The tribological parameters, such as load, sliding distance 26 or duration, sliding speed, sliding conditions etc. were consid-27 ered for evaluating the effect on tribological performance of 28 such composites [7] [8] [9] [10] [11] [12] . The tribological properties were found 29 to depend on the type of resin, size, shape and orientation of 30 the fibres used for the reinforcements. One of the preliminary 31 Nomenclature BANW biaxial non-woven structure BAWK biaxial warp knit structure DOS directionally oriented warp knit structures ER epoxy resin MAWK multi-axial warp knits (same as DOS) PE polyester resin (unsaturated) QAWK quadraxial warp knit structure TAWK triaxial warp knit structure VE vinyl-ester resin investigations on the effect of fibre orientation on tribological 32 characterisation of fibre reinforced composites was reported by 33 Sung et al. [7] . However, many of the studies considered uni- In stage 2, tribological studies were conducted at a constant 119 load of 100 N for the sliding distances of 2.7, 5.4, 10.8, 21.6, 43.2 120 and 64.8 m (corresponding to 7.5, 15, 30, 60, 120 and 180 min). 121 The stroke length was fixed at 6 mm and the frequency at 1 Hz. 122 The tests were conducted on vinyl ester composite having dif-123 ferent reinforcements (i.e., biaxial (BAWK), biaxial non-woven 124 (BANW), triaxial (TAWK) and quadraxial (QAWK) oriented 125 warp knit) to investigate which preform provides the good per-126 formance. bological service conditions were selected, i.e., unlubricated or 133 dry and lubricated or aqueous (in presence of distilled water).
134
Repeatability of the tests were analysed and error was found to 135 be between 5-7% for the various tests. 
Results and discussion

146
The result of the stage 1 (Fig. 3) , were used to select optimum 147 tribological parameters, i.e., load and sliding distance. It depicts Fig. 4(a) . The SEM image also shows observe the presence of exposed layers of fibres (Fig. 4(b) ) and 166 bundles of fibre (Fig. 4(c) ). A highly deformed worn surface on 167 the BAWK composite is shown in Fig. 4(d) . Interestingly, a sim- ilar image of the worn surface of TAWK composite (Fig. 4(e) ) 169 does not show much exposure of the fibres. Another remark-170 able feature of the worn surface on QAWK composite is shown 171 in Fig. 4(f) , where the internal cavity is formed because of the 172 separation of the layers and removal of matrix resin. Fig. 4(g) 173 and (h) show the images of the worn surfaces on the epoxy resin 174 QAWK reinforced composites with dry and wet test conditions 175 respectively. The layer of resin retain on the worn surface is 176 very clear from the Fig. 4(g) . In wet condition, Fig. 4(h) The results from wear tests with composite samples having 185 different preforms, i.e., BANW, BAWK, TAWK, and QAWK, 186 during the stage 2, are shown in Fig. 5(a) . It is clear that there 187 is an initial increase in the wear volume for all the composites. 188 Further there is a gradual increase in the wear volume with slid-189 ing distance for all the preforms except for BANW composite, 190 which shows a sudden increase in wear volume beyond 20 m 191 sliding distance.
192
The low wear resistance of the BANW reinforced composite 193 could be due to the presence of non-woven layer in the fabric 194 structure consisting of small length of fibres in random direc-195 tions. This non-woven layer in the composite would wear-out 196 rapidly as the fibres are loosely held in the preform. In addi-197 tion, the easily removed fibrous particles could increase the wear 198 by acting as abrasive particles. It is evident from Fig. 5(a) that 199 the BAWK reinforced vinyl ester composite is showing very 200 low wear volume compared to the other three composites. It 201 could be because of the higher fibre volume fraction of the com-202 posite along-with better interface properties of the composite 203 due to lower linear density of the glass yarn in the preform. 204 It could be noticed that fibre volume fraction has a signifi-205 cant effect on the wear resistance of these warp knit preformed 206 composites. It is evident from wear volume (Fig. 5(a) ) and com-207 posite specification (Fig. 2) that the composite having higher 208 volume fraction (BAWK) is the one with best wear performance. 209 Isotropic properties of the glass fibre used for the preform might 210 have neutralised to some extent the influence of fibre orientation 211 on tribological properties. Fig. 5(b) shows the evolution of friction coefficient values 213 during the sliding process. It is very clear that it has a sudden 214 increment period for short sliding distance, reaching to an almost 215 stabilised value. Also, it is interesting to note that the composite 216 with BANW shows high friction values (around 0.80) compared 217 with the other three composites, which have almost steady-state 218 value (around 0.60). The fibrous particles in the BANW compos-219 ite could be the reason for the higher friction coefficient values. 220 The slight fluctuation in the friction coefficient is possible due 221 to the periodic ploughing and rolling action of the wear particles 222 formed during the sliding process [15] . 
U N C O R R E C T E D P R O O F
Tribological performance of reinforced composites
244
In the current study, the load was kept constant; however, 245 the effect of surface or rather contact temperature could 246 not be neglected [16] . Moreover, the worn particles that As mentioned earlier, the epoxy resins are more adhesive 256 and protective and also having better mechanical properties, 257 chemical resistance and electrical characteristic compared 258 to the other resins [21] . Further, epoxy resins have low 259 friction coefficient, which was very clear from the current 260 study, and low thermal expansion, which provided them with 261 higher load bearing capability [22] . Hence, it is not very sur-262 prising the better tribological performance of composites 263 with epoxy resins in the obtained results.
264
In reciprocating sliding conditions, the sliding speed 265 attains a maximum value at the middle and reduces to zero 266 at the two ends of the stroke. So, there is a possibility of 267 more severe wear at the two ends than in the middle, which 268 is very clear in the SEM images (Fig. 4(c) and (h) ). Further, 269 the reduction in sliding speed increases the force distribu-270 tion per unit area at the contact interface, which contributes 271 to the severe wear at the two ends of the stroke.
(b) Evolution of friction coefficient
273
The evolution of friction coefficient at 100 N of normal 274 load for different resins reinforced with QAWK preform 275 for dry and lubricated conditions is shown in Fig. 7 (a) 276 and (b), respectively. As expected, higher friction values 277 are observed for dry condition (0.50-0.70) than for lubri-278 cated condition (0.30-0.40). It is clear that the polyester is 279 exhibiting the higher friction coefficient values. In lubri-280 cated condition (Fig. 7(b) ) the increment of the friction 281 coefficient values are also observed for epoxy and vinyl 282 ester, but for longer sliding distances, which is attributed 283 Further, there are also knitting fibres interlocking these layers in 308 the z direction.
309
The schematic top view of the wear path after the sliding pro-310 cess (Fig. 8) can be divided into various zones. The outermost 311 region, zone A, around the wear path, is where the worn parti-312 cles are spread. Inside that is the zone B, in which is the worn 313 inclined surface of the pure resin of layer 1 of the composite. 314 Further, zone C, shows the worn surface of layer 2 that consists 315 of two sub-zones, C1 and C2. The sub-zone C1 is located at the 316 top and bottom short edges of the wear path, which is charac-317 terised by the presence of bundles of broken fibres. Sub-zone 318 C2 represents the left and right long edges of the wear path. 319 This zone is characterised by the unbroken long fibres as the 320 part of composites. Further region D, a worn surface of layer 321 3, also has two distinguished sub-zones D1 and D2, which are 322 similar to C2 and C1 respectively (explained in Fig. 8 ). Finally, 323 there is a region E, which is the bottom part of the layer made 324 of pure resin. The possible locations of such zones on the worn 325 surfaces are identified in the SEM images, (see the marked zones 326 in Fig. 4(a-h) ).
327
During the sliding process, after the penetration of top layer of 328 resin, layer 1, the ball will contact layer 2, where it is interacting 329 with fibres parallel to the sliding direction. Here, the frictional 330 properties of the fibre will definitely affect the ball movement. 331 During sliding interactions, the fibres will be broken down and 332 gathered together at the two ends, which was very clear in the 333 
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SEM images, (Fig. 4(c) (Fig. 4(a) ), can be justified. least yarn count in its fabric construction which could provide 386 better interface between the fibre-resin region due to higher sur-387 face area of the fibres. As it was mentioned in previous section 388 and Fig. 8 , the changes in the wear mechanisms acting in each 389 layer during sliding process also have a significant role in the 390 distribution of different regions in the map.
391
The tribological properties of such textile composites are very 392 complex and influenced directly and indirectly by several param-393 eters. Therefore, more investigations are required based on the 394 specific applications of these materials. Further, to overcome the 395 inherent void and porous structure of the composites resulted 396 from hand lay-up technique other methods of preparation can 397 be adopted. 
Conclusions
399
The tribological performance of the GFRP composites with 400 different directionally oriented warp knit structures and resins 401 were analysed. The following conclusions can be derived from 402 the study:
403
• The influence of fibre orientation in the preform was insignif- 404 icant but the fibre volume fraction has a strong effect on the 405 tribological performance of these composite laminates.
406
• Biaxial warp knit (BAWK) preformed composites and com-407 posites with epoxy resin are showing the best tribological 408 properties.
409
• Different wear mechanisms, (adhesion, abrasion and fibre 410 fracture and fragmentation) acting at the contact zone were 411 identified and it is observed that the properties of each layer, 412 made of resins and fibres, have strong influence on the 413 obtained wear values.
414
• A wastage map for the composites was developed as a function 415 of sliding distance and type of preform. Such map is a very 416 useful tool to understand the performance of such composites, 417 in different conditions.
